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Abstract

Field trials were performed in Florida to evaluate tomato and pepper transplants amended with formulations
of several plant growth-promoting rhizobacteria (PGPR) in a production system that included soil solarization.
Transplants grown in five different formulations of PGPR were planted into plots treated by soil solarization, MeBr
fumigation, or untreated soil. Treatments were assessed for incidence of several naturally occurring tomato and
pepper pathogens including root-knot nematode (Meloidogyne incognita) and species of Pythium, Phytophthora,
and Fusarium. Highly significant increases in tomato and pepper transplant growth occurred in response to most
formulations of PGPR tested. Transplant vigor and survival in the field were improved by PGPR treatments in both
tomato and pepper. Diseases of tomato caused by root-knot nematodes, Fusarium, Phytophthora, and Pythium
were not affected by PGPR treatments. PGPR formulation LS261 reduced numbers of root-knot nematode galls on
pepper while pepper root condition was improved with formulations LS213, LS256 and LS261. Individual PGPR
strains affected the number of Pythium colonies isolated from pepper roots, but did not affect isolation of Pythium
from tomato roots. Greater numbers of colonies of Pythium were isolated from pepper roots in the MeBr treatment
and fewest in the solarization treatment. Numbers of colony forming units of Fusarium were significantly higher
in the untreated soil than in MeBr fumigated or solarized soil with no effect of PGPR on isolation of Fusarium
from either crop. Incidence of wilt symptoms on tomato was significantly lower in MeBr treated plots and highest
in the untreated plots. Yield of extra large tomato fruit and total yield increased with PGPR formulation LS256.
Yield of pepper was increased with formulations LS255 and LS256. Solarization combined with LS256 on pepper
produced yields comparable to MeBr.

Abbreviations: (MeBr) – methyl bromide; (PGPR) – plant growth-promoting rhizobacteria; (LDPE) – low-density
polyethylene; (DAP) – days after planting; (CFU) – colony forming units

Introduction

In the United States, the majority of producers of
fresh market vegetables and fruits including tomato,
pepper, and strawberry utilize production systems that
are highly dependent on soil fumigation with methyl
bromide (MeBr). Florida is the nation’s largest pro-
ducer of fresh market tomatoes and peppers. Tomato

production in Florida for the 1997–1998 growing sea-
son had an estimated value of more than $473 mil-
lion, while bell peppers contributed $272 million to
a vegetable industry valued at more than $1.7 billion
(Anonymous, 1997). These industries currently use
more than 6000 metric tons of MeBr annually for soil
fumigation. Sixty-two percent of this is used in the
production of tomatoes and 26% is used in bell pepper
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production. While MeBr has contributed significantly
to the success of the vegetable industry in Florida, it
has been identified as a major ozone depleting sub-
stance. The current phase-out schedule requires total
elimination of use in industrialized nations by 2005.

Biological control agents have been used success-
fully in several pathogen/host systems to enhance
plant growth and control disease. Several mechanisms
have been demonstrated. Biological control organisms
can act as antagonists or predators of the targeted pest,
or by inducing resistance in the host (Cook and Baker,
1983). Plant growth promoting rhizobacteria (PGPR)
have been shown to enhance plant growth and protect
roots from invasion by pathogens by a variety of mech-
anisms including production of antibiotics, hydrogen
cyanide, siderophores, and induced systemic resist-
ance (Kloepper et al., 1980; Weller, 1988; Zehnder et
al., 2001). Formulation of biocontrol agents using or-
ganic amendments, such as by-products from agricul-
ture and other industries, can contribute to the control
of soilborne pathogens in a variety of crops by acting
as inducers of plant defense responses (Benhamou and
Thériault, 1992). The addition of organic matter to soil
to control soilborne pathogens and establish beneficial
soil microflora is well documented (Hoitink and Fahy,
1986; Kokalis–Burelle et al., 1994), but often imprac-
tical to apply in the field on a large scale. One method
that addresses this shortcoming is the preinoculation
of transplants using amendments to soil-less transplant
mixes.

Soil solarization is the process of using clear poly-
ethylene mulch to heat the upper 5–25 cm of soil to
temperatures that are detrimental to pathogenic soil-
borne organisms. Solarization has been successfully
implemented in several commercial tomato and pepper
trials in the southeastern United States (Chellemi et al.,
1993; Chellemi et al., 1997). Soil solarization during
the hot summer months is well suited for fall veget-
able production in some areas, however, it does not
control all soilborne pests (Gilreath et al., 1999). Use
of solarization in combination with other strategies to
limit pathogen impact and increase yields would im-
prove the viability of this technique for use in Florida
vegetable production.

The objectives of this research were to: (1) test
selected combinations of PGPR and organic amend-
ments in soil-less mixes for their effect on transplant
growth, vigor and survival in the field; (2) examine
the combined effects of transplants grown in amended
mixes and soil solarization against a wide range of
soilborne pests, (3) determine the impact of combin-

ation treatments on yield of tomato and pepper in
commercial production systems.

Materials and methods

Transplant production

Field trials were conducted in the fall of 1998 and
1999 at the Uniroyal Chemical Company Inc., Flor-
ida Research Station, Sanford, FL. One tomato and
one pepper trial were performed each year. Tomato
and pepper transplants for the fall 1998 field season
were produced by the USDA, in greenhouses at the
University of Florida Indian River Research and Edu-
cation Center in Ft. Pierce, FL. Transplants for the
fall 1999 field season were produced by Speedling,
Inc., Bushnell, FL. Tomato cultivar ‘Solar Set’ or
pepper cultivar ‘Jupiter’ were planted into 128 cell
flats and grown in a greenhouse for four weeks us-
ing overhead irrigation at the University of Florida
and sub irrigation at the Speedling facility. Plants
at the University of Florida were fertilized weekly
with a solution of Peter’s 20–20–20. Plants grown at
Speedling were fertilized according to their standard
transplant production practices for tomato and pepper.
In 1998 trials, tomato and pepper transplant treat-
ments consisted of five PGPR formulations: LS213
(Bacillus subtilis strain GBO3 + Bacillus amylolique-
faciens strain IN937a), LS254 (Bacillus subtilis strain
GBO3 + Bacillus pumilus strain SE34), LS255 (Ba-
cillus subtilis strain GBO3 + Bacillus subtilis strain
IN937b), LS256 (Bacillus subtilis strain GBO3 + Ba-
cillus pumilis strain INR7), LS261 (Bacillus subtilis
strain GBO3 + Bacillus cereus strain C4) and an un-
treated control. In 1999, the treatments exhibiting
the greatest potential in the 1998 trials were evalu-
ated again: LS213, LS256, LS261, and an untreated
control. The powder formulations included chitin, an
organic material previously shown to elicit low levels
of resistance responses in a variety of crops including
tomato (Benhamou and Thériault, 1992; Benhamou et
al., 1994). PGPR formulations, provided by Gustafson
LLC (Plano, TX), were mixed into Speedling peat-lite
potting mix at a rate of 40:1 (v/v) potting mix:PGPR
formulation. Seedlings were evaluated at four weeks
after seeding for stem length, stem diameter, leaf area,
dry stem weight, dry root weight, dry top weight,
leaf:stem ratio, root:shoot ratio, and number of true
leaves.
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Field experimental design

Previous cropping history at the Uniroyal Chemical
Company’s Research Station in Sanford, FL, included
potato in the spring 1998, followed by early sum-
mer fallow without weed control. This was preceded
by ten years of vegetable production without MeBr
application, resulting in high levels of plant patho-
genic nematodes (primarily Meloidogyne incognita)
and soilborne fungal pathogens including Fusarium
spp., Rhizoctonia solani, Sclerotium rolfsii, Phytoph-
thora spp. and Pythium spp. Experiments contained
split plots with subplots consisting of PGPR treat-
ments. Main plots consisted of three soil treatments
arranged in a randomized complete block design with
five replications in 1998 and four replications in 1999.
Main plot treatments were: (1) Soil solarization using
clear, low-density polyethylene film (LDPE); (2) Un-
treated soil under 30-µM-thick, coextruded white on
black LDPE mulch; (3) MeBr (425 kg/ha broadcast
98:2 MeBr:chloropicrin) applied under 30-µm-thick,
coextruded white on black LDPE mulch. The 98:2
MeBr:chloropicrin concentration was the commercial
standard at the time of the studies. Rates of 425 kg/ha
were commonly used by growers in Florida with high
root-knot nematode and weed populations. During
both years, 2267 kg/ha 8–2–12 fertilizer were broad-
cast over the field immediately prior to bedding. In
both 1998 and 1999, soil was solarized for six weeks
using clear polyethylene film. After six weeks of sol-
arization the clear plastic film was painted using white
latex-based paint mixed at a 6:1 dilution with water
and applied through a CO2 backpack sprayer. The
painted plastic was comparable in color and density
to the white on black coextruded mulch used in the
untreated and MeBr treated plots. In 1998, beds were
formed on 1 July, painted on 19 August, and trans-
plants were planted on 1 September. In 1999, beds
were formed on 29 June, painted on 18 August and
transplants were planted on 2 September. Beds were
36.5 m long, oriented north-south, and formed un-
der optimum soil moisture for bed shaping and to
maximize solarization efficacy. Beds were 20 cm in
height, and 0.9 m wide and spaced 1.8 m apart. Sub-
plots were 6.1 m long with tomatoes planted in single
rows spaced at 45 cm, and bell peppers planted in
double rows also spaced at 45 cm. A single central
drip irrigation line was laid just below the soil sur-
face (5 cm). Supplemental overhead irrigation was
available to insure proper soil moisture at bedding.

Evaluations for effects on disease and yield

Plants were evaluated for growth parameters at trans-
planting, survival at 10 days after planting (DAP),
growth parameters and gall formation at 6 weeks
after planting, and growth parameters, gall forma-
tion, and yield and grade of harvest (10 plants/plot)
at end of season. Other naturally occurring diseases
such as Fusarium wilt, stem rot, white mold, bacterial
wilt, and virus incidence were assessed in the field
throughout the season.

Three plants were taken from each plot at ap-
proximately 45 DAP. Two grams of root were taken
from each plant, consisting of a combination of crown
tissue and lateral and fine roots. Tissue from each
plant was surface sterilized with 70% ethanol for 20
s. Root tissue was combined with sterile water for a
1:10 dilution and macerated for 15 s using a Seward
Stomacher� 80 lab blender (Seward Ltd, London,
England). A 500 microliter aliquot of the root sus-
pension was spread onto three plates each of the
following selective media: PARP (Jeffers and Mar-
tin, 1986), selective for Pythium spp., consisting of
corn meal agar (17 g L−1, Difco brand, Fisher Sci-
entific), pimaricin (10 mg/L of 50% a.i. Delvocid,
Gist-Brocades Food Ingredients Inc., King of Prus-
sia, PA), ampicillin (250 mg/L, 100% a.i., Sigma,
St. Louis, MO), rifampicin (10 mg/L, Sigma), and
pentachloronitrobenzene (134 mg/L of 75% a.i. Terra-
chlor WP, Uniroyal Chemical Company) and PARPH
(PARP with hymexazol (50 mg/L 99.4% a.i., Sankyo
Co, LTD, Tokyo, Japan) (Mitchell and Kannwischer–
Mitchell, 1992; Tsao, 1983), selective for Phytoph-
thora spp., and Komada’s medium (Komada, 1975),
selective for Fusarium spp. Root samples were di-
luted prior to plating on Komada’s medium. PARP
and PARPH plates were placed in a 28◦C chamber
for 24 h. Komada’s medium was placed at 25◦C. The
number of Pythium spp. and Phytophthora spp. colon-
ies formed from the 0.1 g sample were then counted
after 24 h. Identification of genera was confirmed mi-
croscopically. Fifty Pythium isolates were randomly
chosen for species identification and stored on steril-
ized hemp seed until used. These isolates were then
grown out on PARP and transferred to plates contain-
ing diluted pond water and sterilized grass blades to
induce formation of sporangia.

Damage from root-knot nematodes was assessed
by counting the total number of galls or by using a root
gall index based on a scale of 1–10, with one repres-
enting 0% root galling of an individual root system and
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10 representing 100% root galling (Zeck, 1971). Over-
all root health was assessed using a subjective root
rating utilizing a 1–5 scale for root condition where
1=good condition and 5=poor condition. Tomato and
pepper plots were harvested two or three times dur-
ing the season. Mature green or red tomato fruit were
picked, culled and graded for size (small–extra large)
using a standard grading line. Peppers were harvested
and hand graded (small–jumbo) according to industry
standard sizing.

Statistical analysis

Data were statistically analyzed according to stand-
ard procedures including SAS general linear model
(GLM), least significant difference (LSD), and
Tukey’s HSD procedures (SAS, 1998). Unless other-
wise stated, all differences referred to in the text were
significant at the 5% level of probability.

Results

Effects PGPR treatments on transplant growth

In both tomato and pepper, most PGPR formulations
significantly increased plant growth for almost all
parameters measured during both years of the study.
Tomato transplant growth was increased by all PGPR
treatments, but overall growth was enhanced to the
greatest extent by LS254 and LS256 (Table 1). In to-
mato, LS254 produced a 395% increase in dry root
weight and LS256 produced a 337% increase in dry
root weight compared to the untreated control. Pep-
per transplant vigor was also increased by all PGPR
treatments, but the most dramatic effect was observed
with LS261, which resulted in a 565% increase in
dry root weight compared to the untreated control
(Table 2). In 1999, all PGPR treatments increased
fresh root weight, stem diameter, and dry shoot weight
in tomato compared to the untreated control, with
LS256 additionally increasing fresh shoot weight and
dry root weight compared to the control (Table 3).
In pepper, all PGPR treatments increased fresh root
and shoot weights, stem diameter, dry root, and dry
shoot weights when compared to the untreated con-
trol (Table 4). Only LS256 increased stem length. In
addition to highly significant growth promotion in to-
mato and pepper transplants in both 1998 and 1999,
transplant vigor and survival in the field improved with
almost all PGPR formulations. This is best illustrated

Figure 1. Effects of PGPR treatments on isolation of Fusarium
on Komada’s medium from tomato roots at approximately 45
DAP in 1998. Means of treatments with the same letter were not
significantly different at P=0.05.

Figure 2. Effects of PGPR treatments on isolation of Pythium from
pepper roots at approximately 45 DAP in 1998. Means of treatments
with the same letter were not significantly different at P=0.05.

by the significant increase in tomato transplant sur-
vival at 10 DAP in 1999. Tomato transplant mortalities
per plot declined from an average of more than 5.0 in
the untreated control to less than 2.5 with LS213 and
LS261, and to less than 1.5 for LS256.

Effects of PGPR treatments on disease

Visual field evaluation ratings for naturally occur-
ring diseases on tomato did not indicate any effect
of PGPR treatments on incidence of Fusarium wilt,
early blight (caused by Alternaria solani), or tomato
yellow leaf curl virus. Evaluation of foliar diseases
in pepper revealed no differences relative to soil or
transplant treatments. However, isolation of Fusarium
spp. from tomato roots at 45 DAP in 1998, resul-
ted in significantly lower colony counts for all PGPR
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Table 1. Effects of PGPR treatments on ‘Solar Set’ tomato transplants 1998

Treatment Stem Stem Leaf Dry Dry Dry Dry Leaf True

length diameter area leaf stem root shoot stem leaf

(cm) (mM) (cm2) weight weight weight weight Ratio (no)

(g) (g) (g) (g)

LS213 8.3a 3.52a 29.40a 0.093a 0.080a 0.066a 0.174a 1.19a 3.7a

LS254 10.7a 4.06a 35.82a 0.126a 0.114a 0.085a 0.241a 1.11a 4.2a

LS255 10.5a 3.59a 37.80a 0.098a 0.085a 0.062a 0.183a 1.21a 4.2a

LS256 12.1a 3.81a 43.90a 0.122a 0.112a 0.073a 0.234a 1.10a 4.2a

LS261 10.4a 3.76a 39.08a 0.104a 0.091a 0.069a 0.196a 1.16a 4.0a

Control 5.4 2.28 8.38 0.038 0.025 0.021 0.063 1.54 2.7

LSD (0.05) 2.1 0.34 9.67 0.018 0.021 0.013 0.037 0.17 0.6

a Indicates values are significantly different from the untreated control.

Table 2. Effects of PGPR treatments on ‘Jupiter’ pepper transplants 1998

Treatment Stem Stem Leaf Dry Dry Dry Dry Leaf True

length diameter area leaf stem root shoot Stem leaf

(cm) (mM) (cm2) weight weight Weight Weight Ratio (no)

(g) (g) (g) (g)

LS213 4.3a 1.75a 16.46a 0.042a 0.016a 0.028a 0.059a 2.67a 4.0a

LS254 4.1a 1.73a 11.41a 0.035a 0.015a 0.024a 0.050a 2.22a 4.2a

LS255 4.2a 1.72a 13.27a 0.041a 0.016a 0.026a 0.057a 2.60a 4.5a

LS256 4.2a 1.65a 11.65a 0.032a 0.015a 0.029a 0.047a 2.15 4.2a

LS261 5.5a 1.98a 23.87a 0.053a 0.024a 0.034a 0.077a 2.26a 5.2a

Control 2.6 1.32 2.33 0.008 0.005 0.006 0.013 1.68 2.0

LSD (0.05) 0.6 0.13 4.15 0.010 0.004 0.006 0.013 0.49 0.5

a Indicates values are significantly different from the untreated control.

Table 3. Effects of PGPR treatments on ‘Solar Set’ tomato transplants 1999

Treatment Fresh Fresh Stem Shoot Dry Dry

root shoot diameter length root shoot

weight weight (mM) (mM) weight weight

(g) (g) (g) (g)

LS213 0.55a 1.75 3.35a 108.9 0.105a 0.256a

LS256 0.54a 1.35a 3.35a 90.4 0.118a 0.281a

LS261 0.57a 1.70 3.53a 114.4 0.040 0.184a

Control 0.25 1.75 2.68 72.2 0.027 0.080

Tukey’s HSD (0.05) 0.14 0.34 0.48 45.3 0.018 0.067

aIndicates values are significantly different from the untreated control.



262

Table 4. Effects of PGPR treatments on ‘Jupiter’ pepper transplants 1999

Treatment Fresh Fresh Stem Shoot Dry Dry

root shoot diameter length root shoot

weight weight (mM) (mM) weight weight

(g) (g) (g) (g)

LS213 2.20 2.47a 2.27a 82.50 0.105a 0.256a

LS256 2.65a 2.15a 2.29a 94.50a 0.105a 0.255a

LS261 1.69a 2.00a 2.36a 86.50 0.096a 0.232a

Control 1.39 1.22 1.62 61.00 0.065 0.126

Tukey’s HSD (0.05) 0.61 0.35 0.31 26.97 0.020 0.058

a Indicates values are significantly different from the untreated control.

Figure 3. Effects of PGPR treatments on isolation of Fusarium
propagules from pepper roots at approximately 45 DAP in 1998.
Only treatment LS213 was significantly different from the untreated
control at P=0.05.

treatments, except LS256, which was not different
from the untreated control (Figure 1). Isolation of
Pythium and Phytophthora revealed no significant dif-
ferences among PGPR treatments in the numbers of
colony forming units isolated from tomato roots in
either year. No significant differences were found in
the number of Phytophthora isolates from pepper roots
in either year due to extremely low incidence of this
pathogen. LS213 significantly decreased the number
of Pythium CFU isolated from pepper roots at 45 DAP
in 1998 compared to the untreated control (Figure 2).
There were no differences among PGPR treatments in
isolation of Pythium spp. from either crop in 1999.
LS213 also had a significant effect on the number of
Fusarium isolates from pepper roots at 45 DAP com-
pared to the untreated control and several other PGPR
treatments (Figure 3). Randomly selected isolates for

Figure 4. Effects of PGPR treatments on galling of pepper caused
by root-knot nematodes (Meloidogyne incognita) at the end of the
season in 1998. Only PGPR formulation LS261 had significantly
fewer galls than the untreated control at P=0.05. Gall ratings were
performed according to Zeck’s gall index on a scale of 1–10 with
1=0% galling and 10=100% galled roots (Zeck, 1971).

species identification were found to be primarily Py-
thium aphanidermatum, although there were a small
number that did not produce sporangia and were not
identified.

The number of galls on tomato roots caused by
root-knot nematode was not reduced and root condi-
tion was not improved by any PGPR treatment. PGPR
formulation LS261 reduced nematode galling on pep-
per compared to the untreated control at the end of the
season (Figure 4). Root condition of pepper at the end
of the season, which is an overall evaluation of root
health, was improved by LS213, LS256 and LS261
compared to the untreated control (Figure 5).

Effects of soil treatments on
pathogen populations and disease

There were no differences in tomato transplant sur-
vival among soil treatments in 1999 when mortalities
for untreated, MeBr fumigated and solarized plots
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Figure 5. The effects of PGPR treatments on root condition of pep-
per at the end of the season in 1998. Root condition ratings were
performed on a scale of 1–5 with 1=good root condition and 5=poor
root condition. Means of treatments with the same letter were not
significantly different at P=0.05.

all had between two and three mortalities/plot. How-
ever, pepper transplant mortality in solarized plots
was significantly higher (4.6 mortalities/plot) than the
untreated control plots (1.3 mortalities/plot).

The incidence of foliar diseases on either tomato
or pepper was not affected by soil treatments. MeBr
was the only soil treatment that significantly reduced
galling of tomato caused by root-knot nematodes and
improved root condition at the end of the season (data
not shown). There were no differences in incidence
of galling or root condition of tomato between sol-
arization and untreated plots. Pythium colony counts
from pepper roots were significantly lower in MeBr
treated soil compared to untreated soil, but there was
no difference between soil solarization and either the
untreated control or methyl bromide (data not shown).
There were no interactions between soil treatments
and PGPR treatments with respect to disease incidence
or isolation of pathogens from roots.

Effects of treatments on yield

During 1998, LS256 produced the highest overall
yield in both tomato and pepper (Tables 5 and 6). With
regards to tomato, these differences were not statist-
ically significant. In pepper, LS256 had significantly
higher yield than LS261 and LS213 in combination
with soil solarization. Although tomato yields were
not significantly affected by PGPR treatment when
analyzed by individual soil treatment, when analyzed
without regard to soil treatments, LS256 had signific-

Table 5. Tomato Total Yield 1998 (kg/plot)

Solarization Untreated MeBr

Control 10.68 11.36 18.99∗
LS 213 12.00 11.26 17.41

LS 254 9.89 12.46 17.44

LS 255 9.82 10.73 15.97∗∗
LS 256 11.15 13.52 19.89

LS 261 12.65 9.39 17.70

LSD (0.05) NS NS NS

∗Indicates significant difference between methyl brom-
ide treatment and the untreated control and solarization
at P=0.05.
∗∗Indicates significant difference between methyl brom-
ide treatment and solarization at P=0.05.

Table 6. Pepper Total Yield 1998 (kg/plot)

Solarization Untreated Methyl bromide

Control 24.60 aba 17.56 a 26.05 a

LS 213 19.21 b 16.66 a 27.57 a∗
LS 254 23.34 ab 14.85 a 20.39 a

LS 255 25.00 ab 14.50 a 22.98 a

LS256 27.96 a∗ 14.96 a 29.21 a∗
LS 261 18.27 b 17.14 a 21.34 a

LSD (0.05) 7.76 6.11 9.048

aLetters indicate significant differences among PGPR treatments
for each soil treatment at P=0.05.
∗Indicates significant difference between soil treatment and the
untreated soil control at P=0.05.

Figure 6. Effects of PGPR treatments on yield of extra large red
and mature green tomatoes in 1998. Asterisks indicate means were
significantly different from the untreated control at P≥0.05.
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antly higher yields than LS255 for both red and mature
green extra large fruit (Figure 6).

During both years of the study, MeBr significantly
increased tomato yield compared to the untreated con-
trol and soil solarization (data not shown). Solarization
did not increase tomato yields over the untreated con-
trol, but did increase pepper yields compared to the
untreated control. In addition, pepper yields with sol-
arization were not significantly different from yields
in MeBr treated plots. There were no statistically sig-
nificant interactions between transplant treatments and
soil treatments, however LS256 on pepper performed
best in combination with solarization.

Discussion

Results of previous experiments testing the effects of
formulation components and PGPR individually have
shown chitin to have some nutritional and growth
promotion effects on tomato (Martinez–Ochoa et al.,
2001). In those studies, the inclusion of several gram-
positive PGPR in the formulation produced an addi-
tional yield response not seen in plants treated with
chitin alone. In mode-of-action studies of PGPR and
chitin combinations Benhamou et al. (1998) found
that the combinations of chitosan and the endophytic
sp. PGPR Bacillus pumilus induced physiological
and biochemical changes in host cells at sites where
the fungal pathogen Fusarium oxysporum attempted
penetration. The aim of the current research was to
further the development and refinement of potential
commercial PGPR formulations. Because the organic
chitin component and one of the bacterial compon-
ents, B. subtilus strain GBO3, remained constant in all
treatments, we can conclude that differences in plant
growth promotion and pathogen suppression among
treatments can be attributed primarily to the interact-
ive effects of the second bacterial component in each
treatment.

In addition to induction of resistance, microbial
interactions in the rhizosphere may account for re-
ductions in soilborne fungal pathogens. Previously,
Nemec (1997) found that isolates of Bacillus survived
better in planting mixes than several other potential
biocontrol agents, including species of Pseudomo-
nas and Serratia. In addition, Nemec et al. (1996)
showed that Trichoderma harzianum delivered in the
transplant plug system effectively controlled Fusarium
crown rot, and that addition of Bacillus subtilis to
the transplant medium provided effective control of

Phytophthora in the field. Studies on the population
dynamics of our applied PGPR isolates are currently
underway to determine the extent of these interactions.

Transplant mixes amended with PGPR formula-
tions greatly enhanced transplant growth. Although
both tomato and pepper transplant height was dramat-
ically increased by most PGPR treatments, tall trans-
plants can be undesirable. Therefore, better indicators
of quality and vigor in transplants are the evaluation of
stem caliper and dry root weight. PGPR treated tomato
and pepper transplants showed significant increases
in stem caliper and root growth. It has been shown
that plants with larger root systems and stem diamet-
ers are less susceptible to environmental stresses after
transplanting (Vavrina, 1996). The extent to which
PGPR formulations enhanced transplant growth vir-
tually eliminated the need for supplemental fertilizer
applications during greenhouse transplant production.
Reduction in fertilizer usage and increased growth rate
of plants could translate into significant savings for
production houses and decreased ground water pol-
lution resulting from fertilizer run-off (Vavrina et al.,
1998).

Control of pathogens after transplanting into the
field differed among PGPR isolates and between
crops in these studies. Previous work with LS213
on muskmelon and watermelon, resulted in increased
plant growth in the greenhouse, disease suppression in
the field and slightly improved yields (Vavrina, 1999).
Ratings performed during the current studies to assess
the incidence of naturally occurring foliar pathogens
led to the conclusion that there was no systemic af-
fect of PGPR treatments on incidence of various foliar
pathogens. These results differ from those of Raupach
et al. (1996), where various PGPR were reported to
act as inducers of systemic resistance towards cucum-
ber mosaic virus in tomato and to protect cucumber
against the fungal pathogens Colletotrichum orbicu-
lare and Fusarium oxysporum and the bacterial patho-
gen Pseudomonas syringae pv. lachrymans. However,
results for soilborne pathogens were positive, in that
several PGPR formulations reduced the incidence of
Pythium isolated from pepper and of Fusarium isol-
ated from both pepper and tomato. Results relating
to the isolation of Pythium spp. are somewhat com-
plicated due to the inability to identify all isolates as
pathogenic. Due to its low incidence during both years
of this study, it could not be determined if Phyto-
phthora root colonization of pepper was affected by
transplant treatment. Additional experimentation, in
the presence of an established population of P. capsici,
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is necessary and warranted due to the high incidence
and destructive capability of this pathogen in Florida.

Although tomato did not exhibit a reduction in
disease caused by root-knot nematode with PGPR
treatments, pepper (which is less susceptible than to-
mato to root-knot nematode) did show a reduction in
galling. The experimental farm in Sanford, Florida had
an extremely high population of M. incognita and it
is possible that effects of PGPR treatments on root-
knot nematode incidence on tomato were masked by
the aggressive nature of the population and high initial
population numbers.

Soil solarization did not control the aggressive
population of root-knot nematode on tomato. How-
ever, solarization did provide some protection of
pepper from Pythium. In addition, when combined
with some PGPR formulations on pepper, solarization
produced yields comparable to untreated transplants
grown in soil fumigated with methyl bromide. The
practicality of soil solarization alone for pathogen con-
trol is questionable when one considers that in Florida,
many vegetable producers rely on profits from pro-
duction of a spring crop following either tomato or
pepper the previous fall. The bed infrastructure, in-
cluding plastic and drip irrigation tubing are left in
place and reutilized. In the past, methyl bromide
has provided sufficient pathogen control to allow for
production of the spring crop. Solarization has po-
tential to be effective for fall production under low
levels of pathogen pressure, but would most likely be-
come ineffective during the second crop production
period unless additional pest control measures were
employed.

Alternative fumigants are considered the most
promising short-term replacement for MeBr. How-
ever, some of these chemicals may have limited life
spans due to toxicological and environmental prob-
lems, leaving producers vulnerable to future regulat-
ory policies. Still, microbial biocontrol agents alone
will not replace MeBr. The development of produc-
tion systems not dependent on the use of MeBr will
require an integrated approach utilizing a variety of
alternative technologies to maximize yield and main-
tain pest damage below an economic threshold. The
use of one or more PGPR treatments in management
systems including alternative chemical fumigants, or
solarization may allow acceptable levels of crop pro-
duction. The addition of microbial agents to transplant
mixes is an ideal delivery system for biocontrol agents
on transplanted vegetable crops. This technology is
also compatible with organic production systems. The

greatest benefits of PGPR transplant amendments in-
clude the reduction of application rates for fertilizers
and growing time during greenhouse production, in-
creased transplant survival in the field, reduced incid-
ence of some pathogens, and enhanced yield in some
crops.
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